to compare the electrophysiological properties of the competing inputs in detail. In contrast, attempts to explore physiological properties of competing synapses in the central nervous system (CNS) have been hampered by the heterogeneity of the inputs and the com- Here we report that functional differentiation of multiple CFs innervating a given PC precedes the completion of CF synapse elimination. that CF-mono and CF-multi-S innervate widely over the Zhang and Poo, 2001). In the developing neuromuscular PC dendritic tree, whereas CF-multi-W form synapses junction of the rodent, predominant axons gain strength only on the most proximal parts of dendrites. These by increasing quantal content, whereas degrading axresults suggest that CF-multi-S is similar to CF-mono ons progressively become weaker due to reduction in and has properties of mature CF. Furthermore, we presquantal content and quantal efficacy (Colman et al., ent evidence suggesting that weaker CFs with low prob-1997) or due to low release probability (Kopp et al., ability of multivesicular release would be withdrawn dur-2000). One important advantage of this system is that ing development. These results suggest that CFs with axons competing for postsynaptic sites are visually dismature characteristics emerge during development and tinguishable from one another, which makes it possible would survive to establish monoinnervation in the adult cerebellum, whereas relatively weaker CFs would be eliminated eventually.
Figure 1. Disparity among Multiple CF-EPSCs Increases with Postnatal Development (A and B) CF-EPSCs recorded in a PC from a mouse at P3 (A) and at P12 (B). CFs were stimulated in the granule cell layer at 0.2 Hz. Two to three traces are superimposed at each threshold stimulus intensity. Holding potential was Ϫ80 mV for (A) and Ϫ20 mV for (B). For this and following figures, the holding potential is corrected for junction potential. (C and D) Summary histograms showing the number of discrete steps of CF-EPSCs from mice at P2-P3 (C: 8 mice, 57 PCs) and at P12-P14 (D: 19 mice, 142 PCs). (E and F) Developmental changes in the disparity index (E) and the disparity ratio (F). The number of PCs for each data point is
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and 1D). These results are consistent with the previous reports that massive elimination of supernumerary CFs occurs during the second and third postnatal weeks Disparity among Multiple CF-EPSCs Increases with Postnatal Development
(Crepel, 1982; Kano et al., 1995 Kano et al., , 1998 Offermanns et al., 1997) . In addition to the marked decrease in the We followed the developmental course of CF to PC excitatory synaptic transmission. We conducted wholedegree of multiple CF innervation, we noticed an important difference between the CF-EPSCs at P2-P3 and cell recording from visually identified PCs in mouse cerebellar slices and stimulated CFs in the granule cell layer.
those at P12-P14. As exemplified in Figures 1A and 1B, the sizes of individual steps of multiple CF-EPSCs were When a CF was stimulated, a clearly discernible excitatory postsynaptic current (EPSC) was elicited in an allalmost similar at P3 ( Figure 1A ), whereas the size of one CF-EPSC was much larger than the other at P12 (Figure or-none fashion. We routinely used pairs of stimuli to distinguish CF-EPSCs from PF-mediated EPSCs. As re-1B). Since the sizes of CF-EPSC steps reflect the strengths of the CF inputs to a given PC, we followed the ported previously, CF-EPSCs display depression, whereas PF-mediated EPSCs show facilitation, to the paired change in the disparity of multiple CF-EPSC amplitudes during postnatal development. We sampled more than stimuli (Aiba et al., 1994; Konnerth et al., 1990) . In multiply innervated PCs, more than one discrete step of CF-18 PCs at each postnatal day and calculated two parameters, the disparity index and the disparity ratio, for each mediated EPSC (CF-EPSC) could be elicited when the stimulus intensity was increased gradually or when the multiply innervated PC (see Experimental Procedures). As shown in Figure 1E , the disparity index progressively stimulating electrode was moved systematically. The number of CFs innervating a given PC was estimated increased from P3 to P6, reached the peak at P7, and remained at the same level during the rest of the develby counting the number of discrete CF-EPSC steps elicited in that cell (Ichise et al., 2000; Kano et al., 1995, opmental period. The disparity ratio ( Figure 1F ) exhibited a change that was almost a mirror image of that for the 1997, 1998; Offermanns et al., 1997).
At P3, we found that all PCs had multiple CF-EPSC disparity index. Figure 1F indicates that one CF input became stronger among multiple CFs innervating indisteps. The PC exemplified in Figure 1A had five discrete CF-EPSC steps, indicating that this PC was innervated vidual PCs, and the average amplitude of smaller CFEPSCs was about 20%-30% of the largest CF-EPSC. by at least five CFs. The summary graph indicates that all PCs were innervated by more than three CFs at P2-P3
These results indicate the following scheme for the development of CF innervation. All PCs are initially inner-( Figure 1C (Figures 2A and 2B ). In conprobability and the number of release site. To investigate trast, PDA antagonized EPSCs elicited by CF-multi-W whether there is any difference in release probability more effectively than the other two types of CF-EPSCs among CF-mono, CF-multi-S, and CF-multi-W, we ex- (Figures 2A and 2B) . PDA accelerated the EPSC decay amined paired-pulse plasticity that is known to be a and prolonged the EPSC rise time significantly for the good measure of release probability (Zucker and Rethree types of CF inputs ( Figure 3) . In contrast, for CFmulti-W of PCs with a disparity ratio larger than 0.2, the blocking effect of PDA was within the range for CFmulti-S in the standard Ca 2ϩ (2.0 mM) in which multivesicular release occurs normally ( Figure 9A) .
The difference in the strengths of multiple CFs to the same PC appears to be an important determinant of synapse elimination. We evaluated whether the disparity in CF-synaptic strengths is correlated with the transition from multiple to monoinnervation. We adopted an analysis essentially similar to that used for characterizing the synapse elimination in the rat neuromuscular synapse (Colman et al., 1997). This analysis is based on the assumption that elimination of weaker CFs would appear imminent once the disparity ratio becomes smaller than a certain limit. We assumed that this limit would be 0.2, because this value appears to be a critical point that divides weaker CFs into two populations in terms of the glutamate concentration transient at the cleft ( Figure  9A ). We first estimated the percent number of PCs that are expected to be monoinnervated over the succeeding 2 days (PC-[latent mono]) at each second day of postnatal development. We then compared this value with the by multiple CFs with similar strengths. From P3 to P7, strong CF (CF-mono). By using a low-affinity competitive antagonist of AMPA receptors, PDA, we found that the difference in the strengths of multiple CFs became larger. Around P10, each PC was either multiply innerpeak glutamate concentration for CF-multi-S and that for CF-mono were significantly higher than that for CFvated by one strong CF (CF-multi-S) and one or a few weaker CFs (CF-multi-W) or monoinnervated by one multi-W at a normal external Ca 2ϩ (2 mM). In contrast, that CF-multi-S innervate widely over the PC dendritic tree, whereas CF-multi-W form synapses only on the most proximal parts of dendrites. Finally, we show evidence that weak CFs with low probability of multivesicular release would be eliminated preferentially during development. per active synapse is released (Wadiche and Jahr, 2001), indicating that the postsynaptic receptor densities for the three types of CFs were comparable. These results the peak glutamate concentrations for these three types suggest that changes in the postsynaptic receptor denof CFs were the same at a low external Ca 2ϩ concentrasity do not occur during differentiation into CF-multi-S tion in which single vesicles are released from individual and CF-multi-W, although we cannot rule out other pos-CF terminals. These results indicate that the probability sibilities that some electrophysiologically undetectable of multivesicular release is lower in CF-multi-W than in changes may occur. CF-mono or CF-multi-S. We found that multivesicular release is rare in CFs of neonatal mice at P2 or P3. We Functional Release Sites per Active Synapse also found that CF-mono and CF-multi-S at P10-P14
Differentiation of Multiple CFs
Are Fewer in CF-Multi-W than are very similar to mature CFs in young adult mice in the in CF-Multi-S or CF-Mono probability of multivesicular release. the number of PCs innervated by 2 or 3 CFs with a Because the release probability does not appear to be disparity ratio smaller than 0.2. These results suggest different in the three CF types, we conclude that functhat elimination of CF-multi-W would become imminent tional release sites per active synapse are fewer in CFonce the disparity reaches a certain limit (i.e., the disparmulti-W than in CF-multi-S or CF-mono. ity ratio smaller than 0.2).
We 
